Abstract-An ultrasonic assembly device exhibiting broadband behavior and a sacrificial plastic frame is described. This device is used to assemble a variety of microscopic particles differing in size, shape, and material into simple patterns within several host fluids. When the host fluid is epoxy, the assembled materials can be cured and the composite sample extracted from the sacrificial frame. The wideband performance means that within a single device, the wavelength can be varied, leading to control of the length scale of the acoustic radiation force field. We show that glass fibers of 50 µm length and 14 µm diameter can be assembled into a series of stripes separated by hundreds of microns in a time of 0.3 s. Finite element analysis is used to understand the attributes of the device which control its wideband characteristics. The bandwidth is shown to be governed by the damping produced by a combination of the plastic frame and the relatively large volume of the fluid particle mixture. The model also reveals that the acoustic radiation forces are a maximum near the substrate of the device, which is in agreement with experimental observations. The device is extended to 8-transducers and used to assemble more complex particle distributions.
I. Introduction
A cross a diverse range of applications, acoustic particle manipulation techniques have been employed to trap micron-to millimeter-size objects and to form ordered arrays of particles. The most common of these devices produce a standing wave between a transducer and a reflector (see reviews by Glynne-Jones et al. [1] and Evander and Nilsson [2] ) and have seen application, particularly in the biomedical field-for example, tissue engineering [3] , [4] . Devices with additional transducers have also been explored and shown to be able to create a wide range of patterns [5] - [7] and allow these patterns to be translated [8] - [11] . An area of developing interest is the ultrasonic assembly of composite materials [12] - [19] and the related areas of metamaterial manufacture [20] , [21] . In addition to producing a particular distribution of particles, the manufacture of a composite material requires the additional step of curing the host materials to create a solid. To date, although acoustic assembly of both spherical and fibrous particles in polymeric matrix media, including acrylics, agar, epoxy, polyester, and polysiloxane, has been shown to be possible, the repeatable manufacture of such specimens in an effective manner remains largely unexplored. For example, the removal of ultrasonically assembled composite samples from inside the device's manipulation cavity is often achieved only with great difficulty, due to chemical bonding of the polymer to its surroundings. Furthermore, previous particle manipulation devices typically operate at a limited number of specific resonant frequencies, thus limiting the number of predetermined patterns that can be formed by a single device [12] - [21] . In this article, we aim to address the above issues and analyze the performance of a counter-propagating wave device designed specifically for the ultrasonic assembly of composites. Our device has a sacrificial plastic frame which simplifies sample extraction and operates across a broadband of frequencies, making it flexible in terms of the spacing of the particle distributions possible. This device then enables the fast and reliable fabrication of thin layers of anisotropic structural composite.
II. Ultrasonic Device
The design forming the basis of investigation in this article is shown in Fig. 1 and was previously described in [18] , in context with the ultrasonic assembly of short fiber reinforced structural composite materials. Two opposed parallel 0.975 mm × 15 mm × 2 mm lead zirconate titanate (PZT) transducers (NCE51, Noliac, Kvistgaard, Denmark) were separated from a central 30 mm × 15 mm × 2 mm manipulation cavity by a 5-mm-thick poly(methyl methacrylate) (PMMA) boundary, which served to protect the acoustic system from the resin during polymerization. The PMMA frame was treated as a sacrificial component and mounted on a glass microscope slide using double-sided adhesive tape. Consequently, both piezoceramic plates could be recycled post matrix polymerization. Two further cavities on either side of the device were filled with water to provide a heat sink at high driving voltages, V 0 > 60V pp . A small compression spring secured each transducer in its position by gently pressing it against the PMMA boundary. Typically, a driving voltage of 80 V pp (at v =Pa·s), a voltage of 35 V pp was found to be sufficient for a good-quality pattern of well-defined parallel lines to form, at the same frequency.
III. Experimental Methods and Results
The device is able to ultrasonically assemble a variety of particles both spherical of radius a = 0.5 to 56 μm, and cylindrical of length l = 50 to 750 μm, and radius a = 2 to 7 μm into lines corresponding to pressure nodes within the central chamber. The spherical particles included polystyrene beads [ Fig. 2(a) ], and microcapsules with a polyurethane (PU) or poly(ureaformaldehyde) (PUF) shell and a bisphenol A diglycidyl ether (DGEBA) core [ Fig. 2(b) ], the cylindrical particles composed of fiber reinforcements made from glass [ Fig. 2(c) ], carbon [ Fig. 2(d) ], and polycrystalline wool [PCW; Fig. 2(e) ], and cellulose nanowhiskers [22] [ Fig. 2(f) ].
The particles were found to align across a wide range of frequencies, centered around transducer resonances at 1.25, 1.97, and 2.27 MHz, determined by electrical impedance analysis (in air). Experimental evidence of this wide band device behavior is provided in Fig. 3 .
Using a high-speed video system (FASTCAM SA1, Photron, San Diego, CA, USA), the particle assembly time of 50 μm (14 μm diameter) glass fibers in water was (a) 10-μm-diameter polystyrene beads assembled in water at a separation λ/2 = 368 μm, (b) 113-μm-diameter capsules made from a PU and PUF shell and an ethyl phenylacetate with dissolved DGEBA (9%) core assembled in an epoxy matrix at a separation λ/2 = 368 μm, (c) 50 μm (14 μm diameter) glass fibers aligned in a polyester matrix at a separation λ/2 = 368 μm, (d) 750 μm (7 μm diameter) carbon reinforcements aligned in water at a separation λ/2 = 315 μm, (e) 75 μm (4 μm diameter) PCW fibers aligned in water at a separation λ/2 = 109 μm, and (f) bundles of 1 cellulose nanowhiskers [22] distributed in water with a spacing of λ/2 = 66 μm.
determined. With frames captured at a rate of 5000 s −1 , full assembly was seen to be achieved within t = 326 ± 20 ms (obtained by manual inspection), at a frequency, v = 2 MHz and a voltage, V 0 = 38 V pp . In Fig. 4 , a series of micrographs show the assembly process, with a supplementary movie ( ).
Although the majority of particles are seen to assemble into parallel lines, a few were seen to remain stationary and unaffected by the field. This is thought to be a consequence of frictional effects and secondary bonding, where particles are in direct contact with the glass substrate. It was noted that for an individual particle the time of travel from a position of maximum force (λ/8 away from a node) was generally below the global assembly time, t = 326 ± 20 ms at only 113 ± 20 ms (obtained by manual inspection). In some cases, this was attributed to the proximity between a particle's origin and its final position at a pressure node. For other particles, however, a delay of the order of a few milliseconds appeared to be observable before motion commenced. This could be the result of local inter-particle or frictional effects, becoming particularly pronounced in the presence of large numbers of fibers.
Specifically, frictional effects and contact adhesion may act as an initial barrier to particle movement, thus leading to individual fibers requiring relatively high forces before movement occurs.
For comparison, the global assembly time of 10-μm-diameter polystyrene beads in water (v = 2 MHz, V 0 = 38 V pp ) was recorded as t = 16.5 ± 0.2 s, whereas the time of travel for an individual microsphere (starting at a position λ/8 from a node) was on the order of 667 ± 200 ms (Fig.  5) . Here, particle tracking software [23] could be employed (requires particles to be near spherical), and the global assembly could be quantified as the time taken for 95% of particles to reach a nodal plane. It was noted that fewer particles remained stationary in this case, supporting the hypothesis that secondary bonds (at glass/glass interface) affected the experiment in the case of glass fiber particles. Consequently, the global assembly time of spherical particles is dictated by particles experiencing the lowest forces, leading to a greater difference between the individual and global assembly times recorded. 
IV. Numerical Acoustic Modeling
A 2-D linear acoustic finite element model was used (Comsol Multiphysics, Comsol Inc., Burlington, MA, USA) to understand the device's acoustic response in relation to the individual physical and geometric attributes of the design. This approach is expected to accurately describe the device's resonant characteristics, more so than common 1-D transmission line analysis [24] - [26] , due to its ability to account for electroacoustic coupling across two dimensions. In the following, it is assumed that the out-of-plane dimension (y-coordinate) is large compared with the wavelength, which is reasonable for the device depth y = 15 mm corresponding to 10.1 wavelengths at v = 1 MHz, taking c = 1480 m·s −1 .
A. Model Development
The finite element model was set up using the AcousticPiezoelectric Interaction (acpz) interface [27] , with geometric domains numbered sequentially from 1 to 10 as shown in Fig. 6(a) . Any material and domain parameters are listed in Table I ; unless stated otherwise, these were applied throughout this section. The device's PMMA frame (domains 1, 4, 6, and 9) and glass substrate (domain 10) were treated as isotropic linear elastic solids, whereas the fluid domains (2, 5, and 8) were assigned the properties of water and said to behave as a linear elastic fluid with attenuation coefficient, α water = 0.217·v 2 ·dB m −1 ·MHz −2 [28] . Any attenuation in the solid domains was specified in terms of the isotropic structural loss factor, tan δ, which may be expressed as
Here, the Q-factor was defined as a function of frequency by data extrapolation from [28] , separately for PMMA and glass. A constant dielectric dissipation factor, tan δ = 1/80 was defined across the piezoelectric material domains 3 and 7 [29] . A near frictionless contact was simulated along the PZT/glass boundaries by means of a thin elastic layer with spring constants, K z = 1 × 10 3 N·mm −1 specified in the z-direction (i.e., at normal to the boundary) and K x = 0 acting along x (i.e., tangentially).
Each PZT transducer (domains 3 and 7) had a sinusoidal electric potential of amplitude, V 0 = 1 V applied to its forward-facing boundary, with a ground condition specified at the back. All remaining PZT boundaries were assigned zero charge.
The interaction of fluid (2, 5, and 8) and solid (1, 3, 4, 6, 7, 9, and 10) domains was accounted for by defining an acoustic structure boundary [27] along any fluid to solid interfaces. A sound hard boundary circumscribing the model reflected any waves reaching the geometry's bounding edges.
As is indicated in Fig. 6 , a mesh was constructed from a combination of triangular (domain 10) and mapped rectangular (domains 1 to 9) elements. The element size was set globally to ≤λ/10, a value confirmed to be sufficiently small for the model to converge.
Finally, an out-of-plane thickness parameter was set at 15 mm; this is required by Comsol, as intensive physical quantities are specified independent of space dimension (e.g., density in units of kg·m −3 ), and in this case must be reduced to planar 2-D.
The model was solved in the frequency domain, using the default stationary solver configuration. On a standard desktop computer, the calculation time for a single frequency was between 1 and 23 s. With the maximum number of degrees of freedom of the order of ~4.6 × 10 5 , the model was highly memory intensive, requiring as much as 19 GB of RAM to solve for 257 frequency points in the range 1.0 MHz ≤ v ≤ 2.5 MHz.
B. Acoustic Pressure Distribution
First, the electrical input impedance was extracted and compared with experimental data. A good correspondence was achieved across the frequency range 1.0 MHz ≤ v ≤ 2.5 MHz, as can be seen from Fig. 7(a) . A mean offset of 190 Ω in impedance magnitude was noted between the model and the experimental data. Some additional sensitivity to frequency was seen in the simulation, suggesting that the model was more lightly damped than reality. However, the model still clearly captures much of the experimentally observed behavior both quantitatively and qualitatively.
An evaluation of the maximum acoustic pressure in the manipulation cavity [ Fig. 7(b) ] found there to be four distinctly defined regions of high pressure. By fitting a sixterm Fourier series [30] to smooth the data, these may be defined in terms of local maxima at v = 1.27 MHz (A), v = 1.64 MHz (C), v = 2.0 MHz (E), and v = 2.36 MHz (G) with corresponding pressures, p 1 = 26 kPa, p 2 = 16 kPa, p 3 = 41 kPa, and p 4 = 36 kPa. At the first, third, and fourth maxima, a frequency bandwidth could further be estimated as the full width at half maximum (FWHM), giving w 1 = 0.32 MHz, w 3 = 0.26 MHz, and w 4 = 0.24 MHz.
To explore the theoretical and experimentally observed broadband characteristics further, the acoustic pressure distribution in the manipulation cavity was measured as a function of frequency. A needle hydrophone (Precision Acoustics, Precision Acoustics Ltd., Dorchester, UK) with a 0.5-μm-diameter probe was used to measure the maximum time averaged pressure along a line −3.6 mm ≤ x ≤ 3.6 mm at the center of the device (y = 0), where each measurement was taken over a time interval of 25 μs and at a step size, δx = 0.3 mm. On taking the fast Fourier transform of the time domain signal, and scanning across a frequency range 1.0 MHz ≤ v ≤ 2.5 MHz, the result shown in Fig. 7(c) was obtained. The size of the needle hydrophone (with the probe diameter s ~ 0.34λ at 1 MHz and s ~ 0.84λ at 2.5 MHz) in relation to the wavelength and the pressure variability in the z-direction [see Fig. 6(c) ] meant that the measured pressure could not be quantitatively compared with the simulations. However, the measured pressure was normalized and is included here to show additional evidence of the broadband behavior of the device. We note that as in Fig. 7(b) , four pressure peaks could be identified in Fig. 7(c) by fitting a six-term Fourier series to smooth the data. Pressure maxima were found at v = 1.23 MHz, v = 1.58 MHz, v = 1.78 MHz, and v = 2.27 MHz, for the first of which a frequency bandwidth (FWHM) of w 1′ = 0.20 MHz could be calculated. On comparison with the location of the pressure peaks as predicted by the model, a deviation of ±2%, ±3%, ±10%, and ±4% was observed from the frequencies of A, C, E, and G, respectively. All experimentally measured pressure maxima lay well within the corresponding predicted bandwidths, w 1 to w 4 . Finally, it is worth noting that the theoretically predicted maximum pressure along a line z = 0.3 agreed with the experimentally measured pressure to within ±12 kPa in the low frequency region, where 1.0 ≤ v ≤ 1.3 MHz.
As well as the pressure distribution as a function of frequency, a 2-D pressure map could be extracted from the model; an example is shown for v = 2.36 MHz and V 0 = 1 V, in Fig. 6 (b) using a soft sound boundary at the top of domains 2, 5, and 8, and in Fig. 6 (c) using a hard sound boundary condition in its place. As expected, pressure nodes appeared equally spaced at intervals of λ/2 near the surface of the device's glass substrate. With increasing distance from the substrate (where z = 0), however, a less clearly defined pattern of lines was observed. This finding is in agreement with the observation that the device operates best with particles assembling near the bottom of its [28] central fluid cavity. This means that the device is more suitable for the manipulation of particles that are denser than the surrounding host medium (i.e., ρ p /ρ 0 > 1) and hence accumulate on or near the substrate. A comparison of the device's operation with an open cavity [fluid exposed to air along the top of domains 2, 5, and 8: soft sound boundary, Fig. 6(b) ] and a configuration where the cavity was closed [fluid covered by a glass slide: hard sound boundary, Fig. 6(c) ] revealed a greater uniformity of the pressure field at a distance z > 0.3 mm from the bottom substrate in the latter case; a similar observation was previously also made in [31] . Experimentally, an open cavity was preferred for easy access; however, a closed cavity saw reduced streaming effects and thus greater performance. All results presented throughout the remainder of this article are for a closed cavity configuration.
The dependence of the frequency sensitivity of the device on geometric parameters was studied (1) by changing the thickness of the PMMA boundary layers (domains 4 and 6) across a range from 2 to 7 mm [ Fig. 8(a) ], and by altering the central cavity (domain 5) dimensions between 1 and 30 mm [ Fig. 8(b) ]. On comparison of the traces of Fig. 8(a) , it is clear that the introduction of a PMMA boundary ahead of the transducer front face is largely responsible for the broadband characteristics of the present device. Much more sharply defined resonance peaks were found to be present in the frequency distribution of a de- vice whose PMMA boundary is thin. This finding shows that the PMMA frame serves two purposes: (1) it acts as a sacrificial barrier simplifying sample extraction, and (2) adds damping to the acoustic system, making it less sensitive to the chamber resonances. This latter property is particularly useful as it allows trapping to be maintained as the chamber resonances shift with temperature and during polymerization of the host matrix. Similarly but to a lesser extent, the device performance was found to be dependent on geometric design features for a device with smaller central chamber as can be seen from Fig. 8(b) .
C. Acoustophoretic Force and Assembly Time
The theoretical maximum acoustophoretic force, F rad , on an isolated 10-μm-diameter polystyrene sphere in water was found using the Gor'kov equation [32] :
where
where a is the particle radius, κ 0 and κ p are the fluid and particle compressibilities, and ρ 0 and ρ p are the density of the fluid and the particle, respectively. 〈 〉 p in 2 and 〈 〉 v in 2 are the time-averaged squared sound pressure and velocity.
As expected from the predicted pressure distribution [ Fig. 7(b) , Section IV-B], four broad peaks of maximum acoustic force could be identified across the previously discussed frequency bands; this is shown in Fig. 7(d) . A 2-D map of the predicted acoustic force on a 10-μm-diameter spherical polystyrene particle in water is shown in Fig.  6(d) . Expectedly, a similar pattern of zero force and high force parallel lines [compared with low-and high-pressure regions in Fig. 6(c) ] extend along the x-direction in the central device cavity. It can be seen that these force lines decrease rapidly above z > 0.3 mm, suggesting that the manipulation capability is mainly in this near-surface region.
From Fig. 7(d) , the theoretical acoustic force magnitude at v = 2 MHz (V 0 = 1 V) acting on a 10-μm-diameter spherical polystyrene particle is 0.89 pN. At V 0 = 38 V pp , a value of 0.32 nN was extracted, which may be used to predict the approximate particle assembly time of an isolated particle; a measure of this quantity was previously obtained experimentally in Section III-A. A simple dynamic model can be developed in which a sinusoidal pressure field is assumed. If a node exists at x = 0, the equation of motion may be written in terms of the mass of the particle, m = 4ρ p πa 3 /3, the excitation force, F 0 , the wavelength in the fluid, λ, and the dynamic viscosity, μ, of the fluid:
The analytical solution to (5) is given (for an overdamped system) by Barnkob et al. [33] as 
which is evaluated using an estimation of F 0 = 0.32 nN to give the displacement path shown in Fig. 9 . Here, x 0 = λ/8 is the position of the particle at time t = 0, assuming the particle initially experiences a maximum acoustic force. At the experimentally determined individual assembly time, t = 667 ± 200 ms (6) predicts the particle to be a distance x (667 ms) = 1.8 × 10 −21 m, where x = 0 is a nodal position. However, it is clear from Fig. 9 that the particle arrives in the vicinity of the node in around 100 ms. This difference is thought to arise from a combination of the presence of friction in the experiment, an underestimate of the damping in the simulation, and the inherent variability of this force with both frequency [ Fig. 7(d) ] and precise location [ Fig. 6(d) ]. Good agreement with the experimentally found assembly time is obtained using an effective force, F 0 = 0.04 nN, as can be seen in Fig. 9 .
V. Ultrasonic Assembly With an Eight-Element Array
In Sections II to IV, the discussion focused on the broadband frequency characteristics of the design from Fig. 1 . Here, we give a brief account of how to extend the two transducer system to a more versatile eight-transducer polygon of similar acoustic properties. The addition of further transducer elements primarily enables a more flexible control over the acoustic field as can be seen from Fig.  10 . In Fig. 10(a) , a honeycomb-like formation of cylindrical particles was achieved on operation of two orthogonal pairs of opposed transducers; Fig. 10(b) shows a staggered offset of small particle agglomerates that was formed by combining two pairs of opposed transducers at an angle of 45° to each other, with the horizontally aligned elements driven at an advancing phase of π/2. A more detailed discussion on the particle assembly patterns that can be generated using an octagonal acoustic particle manipulation device was previously given by Bernassau et al. [7] , [8] . Importantly here, the broadband frequency characteristics Fig. 9 . Particle assembly time calculated for a 10-μm-diameter spherical polystyrene particle in water. Initially, the particle is assumed to be at a position x(0) = λ/8, where the acoustic force is a maximum. Analytical predictions follow (6) . An experimental value for the assembly time of a single particle is also indicated around t = 667 ± 200 ms. of the two-transducer model are maintained and the build time of the eight-transducer device remains comparable. The device shown in Fig. 10 further adds the capability to use more intricate particle arrangements in conjunction with the ultrasonic assembly process of composite material structures. Specifically, the controlled positioning and alignment of short fibers within a matrix have the potential for composite structures with the properties of conventional fiber composites to be manufactured via additive layer manufacture.
VI. Conclusions
In conclusion, a counter-propagating acoustic wave device was shown to be suitable for the efficient manufacture of thin layers of anisotropic composite and was explored and shown to exhibit broad frequency band characteristics. Ultrasonic assembly was achieved across a range of particle materials, sizes, and shapes as well as a variety of different fluid hosts (including water, epoxy, and polyester). Assembly times were observed to be on the order of a few hundred milliseconds, and a distinction was made between the time to node for a single particle and the time for all particles to assemble into the desired pattern. An in-depth study of the device's resonant behavior was conducted in Comsol and was able to predict the electrical input impedance, maximum acoustic pressure, and acoustic force to a reasonable accuracy, not only in the vicinity of through thickness resonance modes of the transducer but also for two-dimensionally coupled flexural modes. The model identified four wideband frequency regions, across which ultrasonic assembly was also observed experimentally. This was attributed primarily to the presence of a PMMA barrier ahead of the transducer, introducing additional damping to the overall acoustic system. From analysis of the 2-D force distribution, areas of high force were found to be near the device's substrate surface. Finally, an extension of the device concept to a more versatile eight-element array of similar characteristic acoustic behavior was outlined. Here, the generation of more intricate particle assembly patterns is thought to be particularly relevant to the additive layer manufacture of short fiber reinforced composite structures.
